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(57) Abstract 

A dual stage amplifier (50) includes an amplifier stage (52) having an input and an output, a first output stage (58) having an input 
and an output, a second output stage (54) having an input and an output and an error stage (56) having an input .and an output. The first 
output stage (58) output is coupled with the output of the amplifier (50) and responsive to the amplifier stage (52). If the first output ^stage 

(58) output is coupled to an output load (RL4), the first output stage (58) is capable of supplying an output current to the output load (RL4) 
such that a first output voltage related to an input voltage at the input of the amplifier stage (52) is maintained across me output load (RL4). 
In turn the second output stage (54) input is coupled with the output of the amplifier stage (52) and in parallel with the first output stage 
(58) Additionally, the second output stage (54) output is coupled to the input of the error stage (56) while the output of die error stage (56) 
is coupled to the input of the amplifier stage (52). The error stage (56) is capable of providing a feedback current to the amplifier jtage 
(52) input such that a difference between a second output voltage generated by the second output stage (54) and a desired output voltage 
is reduced. 
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METHOD AND APPARA TUS FOR AMPLIFYING 
AN ELECTRICAL SIGNAL 
Description 

5 Technical Field 

The present invention is related to electronic amplifiers. More particularly, 
multiple output stage amplifiers which provide a first output stage for driving an 
error stage and a second output stage for driving an output load are contemplated. 

10 Background Art 

In electronic devices, it is very common to connect the output of one circuit 
to the input of another circuit. The output signal source might be an output terminal 
of an amplifier stage driving a next stage (which may be more circuitry or perhaps 
an electro-mechanical device such as a audio speaker) having a load impedance Z L . 

15 In general, the loading effect 7^ of the following stage causes reduction and/or 
nonlinearities in a gain and a phase response of the amplifier stage. The result is an 
output signal which has both a distorted magnitude and a distorted phase. 

Even without a significant load Z L , realizable amplifier stages do not 
20 necessarily exhibit their desired, theoretical behavior. Instead, most realizable 
amplifiers are nonlinear devices which distort their output signals. Accordingly, 
amplifier stages are sometimes designed with additional circuitry intended to 
minimize signal distortion without altering the desired gain and phase properties of 
the amplifier. 

Historically, a primary focus of the amplifier designer has been on 
elimination of gain distortion. In essence, this has been driven by two factors. 
First, the causes of phase distortion require more sophisticated analysis. Second, 
and perhaps most importantly, past applications have relied mainly on the 
30 magnitude of the output signal, often ignoring the phase component. Hence, even 
if phase distortion was present in the output signal, it was not a significant problem. 
A few example technologies in which the presence of phase distortion is typically 
not an issue include audio, radio, telecommunications, and electromechanical 
technology such as that utilized in strain gauges. 

35 

However, as the information encoded in electronic signals has become 
increasingly complex, the strategies for encoding information have become 
correspondingly sophisticated. Specifically, many situations now exist wherein 
both the gain and phase components of an electrical signal carry vital information. 
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Take, for example, composite video technology. The information carried by a 
composite video signal consists of hue, saturation, and luminescence. In particular, 
the phase component of the composite video signal often contains the hue 
information. Thus phase distortion results in hue distortion. 

5 

With reference to Fig. 1, a common three stage amplifier 10 of the prior art 
will be described. The amplifier 10 includes an input 12, an output 14, a 
converting stage 16, a load resistor R L1 , an inverting stage 20, and a buffer output 
stage 22. The converting stage 16 is coupled to the input 12 and receives an input 

1 0 signal having a voltage V w present on the input. The converting stage 16 then 
converts the voltage V m to a current signal through a transconductance Al (voltage 
to current gain) and transmits this current to the load resistor R L1 . The resistor R u 
is coupled together with both the converting stage 16 and the inverting stage 20 at 
one end of the resistor, and to a ground reference 24 at the resistor R L ,'s other end. 

1 5 Thus the current generated by the converting stage is reconverted to a second 
voltage which is received by the inverting stage 20. 

In turn, the inverting stage 20 amplifies the second voltage by a gain -A2 to 
generate a third voltage transmitted to the buffer output stage 22. The buffer output 
20 stage typically has a gain A3=l; thus the total gain fi^ of the common three stage 
amplifier 10 is -Al* R L1 *A2. 

As is well familiair to those skilled in the art of amplifier design, both gains 
Al and A2 are frequency dependent parameters that introduce signal response poles 

25 and generally degrade stability under feedback conditions. That is, if the amplifier 
10 is incorporated into an electrical system which utilizes feedback, the signal 
response pole introduced by gains Al and A2 will degrade the overall performance 
of the electrical system. Additionally, gain A3 can vary with the output load 
demand, generating distortion in the output signal whether or not the amplifier 10 is 

30 utilized within a feedback system. 

Turning next to Fig. 2, another amplifier 35 of the prior art will be 
described. The amplifier 35 is a common attempt to modify Fig. 1 through 
feedback providing phase compensation. A capacitor C c is connected around the 
3 5 output of the inverting stage 20 and coupled to the input of the inverting stage 20 
and to the resistor R L1 . The capacitor C c supplies a negative feedback current I ra to 
the resistor to produce a well known phase compensation pole at the frequency 
f c = 1/(2*7C*R L1 *A2*C C ). Here, the gain A2 of the inverting stage 20 amplifies the 
capacitance C c delivering an equivalent capacitance of A2*C C . As a result, the 
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value of C c actually required for successful phase compensation reduces to a level 
realizable with integrated circuit fabrication. 

While the introduction of C c may result in beneficial phase compensation 
5 and perhaps more stable feedback systems, the feedback through C c introduces 
significant distortion and may limit a slewing rate of the amplifier 35. By way of 
explanation, the distortion results from an interaction between an output resistance 
R o2 of the inverting stage 20. and a parasitic capacitance C p coupled to the ground 
reference 24. The parasitic capacitance C P is introduced by C c . As will be 
1 0 appreciated by those skilled in the art, parasitic capacitance such as C p is generated 
during most integrated circuit fabrication processes and is due to a standard junction 
isolation technique. 

The parasitic capacitance C p is generated at a point in the structure of 
1 5 amplifier 35 where the full voltage V 0UT of the output signal will drop across C P . 
Accordingly, a resulting parasitic capacitive current I p develops causing an error 
voltage with the output resistance R o2 of the inverting stage 20. If the error voltage 
were constant it would be a determinable offset (i.e. a constant error as opposed to 
distortion) for which could be compensated (say by adding a correction signal or 
20 tuning a larger feedback system in which the amplifier 35 is present). However, 
the magnitude of the parasitic capacitance C p is not constant, but rather, it varies 
with the voltage drop across C p . Hence, the error in the output signal varies with 
the magnitude input voltage. That is, the output signal is distorted. 

25 As mentioned above, the G c connection also effects the slewing rate for the 

amplifier 35. As will be appreciated by those skilled in the art, an amplifier's 
slewing rate defines the maximum rate of change in voltage across the input and 
output terminals of the amplifier and is normally expressed in volts per second 
(dV/dt). It will now be shown that the amplifier 35 of Fig. 2 produces a slewing- 

3 0 rate versus current efficiency compromise. 

A signal on the output of the inverting amplifier has a voltage V 2 and a 
current I 2 . Since, typically, V 2 »V IN , the voltage swing across C c is relatively 
large. Essentially, it can be claimed that V CC ~V 2 . An output slewing rate of dV/dt 
35 implies a minimum current supply from the inverting amplifier 20 of 
I 2 «(C c +C P )*dV/dt. However, voltage gain stages such as the inverting amplifier 
20 typically have output current limits determined by the level of their quiescent 
currents (provided by, e.g., the amplifiers internal, substantially constant, biasing 
current source). Thus a voltage gain stage in an amplifier which has capacitive (or 
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other) feedback will potentially limit the slewing rate at a level related to the 
amplifier's quiescent current. Increasing the quiescent current of the amplifier will 
raise the limit, but only by compromising on current efficiency. 

5 With reference to Fig. 3, an amplifier 40 which is a prior art attempt to 

compensate for the distortion and slewing problems of Fig. 2 will be described. 
The amplifier 40 compensates for the relatively high output resistance of the 
inverting amplifier 20 by coupling the feedback capacitor C c to the output of the 
buffer amplifier stage 22 (instead of the inverting amplifier 20). 

10 

As will be appreciated, the electrical characteristics of the buffer amplifier 
stage 22 make it more suitable (in some ways) for providing the feedback current 
Ipg than the inverting stage 20. For example, the internal resistance R o3 is usually 
much smaller than R o2 as the buffer amplifier stage is intended to provide the large 

1 5 output current 1^ Thus the capacitive current I,, drawn through C p in the amplifier 
40 will be much smaller than that drawn in amplifier 35 of Fig. 2. Accordingly, the 
voltage error across C c of Fig. 3 will be smaller than the voltage error across C c of 
Fig. 2. Furthermore, since the buffer amplifier stage 22 is intended to drive the 
output load, it typically has a much larger quiescent current. The larger available 

2 0 output current results in an improved skewing rate dV/dt. 

While an improvement to the gain distortion of Fig. 2, the amplifier 40 of 
Fig. 3 retains a significant gain distortion and introduces a subtle phase distortion as 
a result of the variability of the output resistance R o3 of the buffer amplification 
2 5 stage 22. As will be appreciated by those skilled in the art, the higher load currents 
necessary for driving the output load cause significant variation in the output 
resistance R o3 . 

Neglecting the circuit capacitance (which only worsens the distortion), the 
30 effect of R o3 on the gain of the amplifier 40 can be determined as follows. In an 
ideal amplifier 40, the total gain A^= -A1*A2*A3. However, the output resistance 
R o3 forms a voltage divider with the output load R u . This implies an actual gain 
A3 , =A3*[R L3 /(R L3 +R o3 )], where R L3 /(R L3 +R o3 )<l. For a typical output stage 22, 
the output resistance R o3 =V/I L where, as will be appreciated by those skilled in the 
35 art, V t is the semiconductor thermal voltage of the output stage 22. Inserting V/I L 
for R o3 yields A3'= A3*[R L3 /(R L3 + V/1J] which illustrates the dependence of A3 
upon the load current I L . The resulting gain variation with signal variation produces 
signal distortion. 
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While less obvious, the A3 gain variation produces a significant source of 
phase distortion as follows. Similar to Fig. 2, connecting the feedback capacitor C c 
across the output 14 and back to the input 12 introduces a frequency compensation 
pole ai the frequency ^1/(2*71*1^, *A2* A3* *C C ). Thus the above described 
5 variations in the actual gain A3' of the output stage 22 result in distortion in the 
phase of the output signal related to the input signal. 

Fig. 4 illustrates another prior art power amplifier 44 which substantially 
eliminates the aforementioned phase distortion by introducing an isolation stage 30. 
1 0 The isolation stage 30 eliminates the dependence of A3 upon the load current I L by 
isolating the feedback capacitor C c from the output stage 22. Because of the 
isolation, the gain product A2*A3 that influences the f c pole frequency is immune 
to the effects of load current I L . Nevertheless, the amplifier 44 reintroduces some 
gain distortion and further leaves, a couple of issues unresolved. 

15 

Because the amplifier 44 has no error control circuitry in direct relation to its 
output 14 (e.g., feedback or feedforward), no gain correction is provided. 
Unfortunately, the I L current demands produce gain distortion through the inevitable 
output resistance modulation of the load-driving output stage 22. Thus the 
20 amplifier 44 provides an improvement in phase distortion only at the expense of 
greater gain distortion. 

Furthermore, an isolation current I ISO driving the feedback capacitor C c still 
loads the isolation stage 30 causing distortion therein. As will be apparent, any 

2 5 distortion in the isolation stage 30 causes a corresponding distortion at the output 

14. 

Disclosure of the Invention 

In accordance with the objectives of the present invention, a variety of 

3 0 apparatus and methods for amplifying an electrical signal are disclosed. 

According to one embodiment of the present invention, a dual-output stage 
amplifier includes an amplifier stage having an input and an output, a first output 
stage having an input and an output, a second output stage having an input and an 
3 5 output and an error stage having an input and an output. The first output stage 
output is coupled with the output of the amplifier stage and responsive to the 
amplifier stage. If the first output stage output is coupled to an output load, the first 
output stage is capable of providing an output current to the output load such that a 
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first output voltage related to an input voltage at the input of the amplifier stage is 
maintained across the output load. 

In turn, the second output stage input is coupled with the output of the 
5 amplifier stage and in parallel with the first output stage. Additionally, the second 
output stage output is coupled to the input of the error stage while the output of the 
error stage is coupled to the input of the amplifier stage. As taught by the present 
invention, the error stage is capable of providing a feedback current to the amplifier 
stage input such that a difference between a second output voltage generated by the 
10 second output stage and a desired second output voltage is reduced. In order to 
provide this operability, the error stage has a gain operable to amplify an electrical 
signal applied at the error stage input. The gain of the error stage may have a 
current gain greater than unity, a voltage gain greater than unity, or may have both a 
current gain and a voltage gain greater than unity. 

15 

In another, separate embodiment of the present invention, a multiple 
amplification stage amplifier is disclosed. The multiple amplification stage amplifier 
includes an input amplification stage having an input and an output, a plurality of 
successive amplification stages each having an input and an output, a plurality of 
20 error stages each having an input and an output and corresponding to a unique one 
of the plurality of successive amplification stages, and an output stage having an 
input and an output. 

The input of a first one of the plurality of successive amplification stages is 
25 connected to the output of the input amplification stage and further, with the 
exception of a last one of the plurality of successive amplification stages, the output 
of any given amplification stage is connected to the input of a next amplification 
stage immediately subsequent to the given amplification stage. Thus, with the 
exception of the last amplification stage, each amplification stage drives a single, 
3 0 next amplification stage. 

Further in the present embodiment, each error stage output is connected to 
the input amplification stage input and each error stage output is connected to the 
output of its corresponding unique amplification stage. The present embodiment 
3 5 further teaches that any given error stage is capable of providing a feedback current 
to the amplification stage input such that a difference between a voltage generated at 
the output of its corresponding amplification stage and a desired voltage is reduced. 
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Additionally, the output stage input is coupled with the input of the last 
amplification stage, and, if the output stage output is coupled to an output load, the 
output stage is capable of providing an output current to the output load such that an 
output voltage related to an input voltage at the input of the input amplification stage 
5 is maintained across the amplifier load. 

In a separate embodiment of the present invention, a power amplifier 
comprising, a power amplifier input coupled to an input signal having a voltage 
and a current 1^, a power amplifier output at which an output signal is generated 

1 0 having a yoltage V olJT and a current an amplifier stage coupled to the power 
amplifier input and responsive to the input signal to generate an amplified signal 
haying a voltage and I AMP , an isolation stage coupled to the amplifier stage and 
responsive to the amplified signal to generate an isolated signal having a voltage 
Vjsq and I IS0 , an error stage coupled between the isolation stage and the power 

1 5 amplifier input and responsive to a difference between the V KO and a desired V KO to 
generate a feedback current I ra operative to modify the input signal such that the 
difference between the V,^ and the desired is reduced and a difference between 
. the V our and a desired V OUT is also reduced, an output stage coupled between the 
amplifier stage and the power amplifier output and responsive to the amplified 

20 signal to generate the output signal, and a current dumping resistor coupled 
between the isolation stage and the power amplifier output is disclosed. According 
to this embodiment, a voltage difference between V K0 and generates a current 
flowing through the resistor which is included in 

25 In accordance with one aspect of the present invention, a method is taught 

for amplifying an electrical signal, the method including the steps of receiving an 
input signal having a voltage and a current 1^, generating an amplified signal 
having a voltage V^p and a current I^p related to the input signal, generating an 
isolated signal having a voltage and a current I BO related to the amplified signal, 

3 0 generating an output signal having a voltage V our related to the amplified signal and 
a current J WT related to an output load, sensing a difference between the voltage 
V BO and a desired V lso , and, generating a feedback current I re related to the 
difference between the voltage and the desired V Iso . Furthermore, the present 
invention teaches that when the current 1^ is included into the current 1^, the 

3 5 difference between the voltage and the desired is reduced and, further, a 
difference between the voltage V OLrr and a desired V 0UT is reduced. 
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Brief Description of the Drawings 

Fig. 1 is a schematic illustration of a basic amplifier of the prior art; 

5 Fig. 2 is a schematic illustration of an amplifier of the prior art which 

improves upon the basic amplifier of Fig- 1 ; 

Fig. 3 is a schematic illustration of another amplifier of the prior art which 
improves upon the amplifier of Fig. 2; 

10 

Fig. 4 is a schematic illustration of one other amplifier of the prior art; 

Fig. 5 is a schematic/block diagram of a dual stage output amplifier in 
accordance with one embodiment of the present invention; 

15 

Fig. 6 is a schematic/block diagram of a dual stage output amplifier in 
accordance with another embodiment of the present invention; 

Fig. 7 is a schematic illustration of a bipolar dual stage output amplifier in 
2 0 accordance with yet another embodiment of the present invention; 

Fig. 8 is a schematic illustration showing in more detail one bipolar output 
stage in accordance with still another embodiment of the present invention, the 
bipolar output stage suitable for use as isolation stage 54 or output stage 58 of Figs. 
25 5 and 6; 

Fig. 9 is a schematic/block diagram of a multi-stage amplifier in accordance 
with another embodiment of the present invention. 

30 Best Modes for Carrying out the Invention 

Figs. 1-4 illustrate the prior art. With reference to Fig. 5, a power amplifier 
50 in accordance with one embodiment of the present invention will be, described. 
The power amplifier 50 includes an amplifier stage 52, an isolation stage 54 
(equivalently a second output stage), an error stage 56, an output stage 58, a power 

35 amplifier input 60, and a power amplifier output 62. Also shown in Fig. 5 is a 
converting stage 64, a load resistor R L1 coupled between the power amplifier input 
60 and a ground reference 66, and an output load resistor R u coupled between the 
power amplifier output 62 and the ground reference 66. Note that, unless 
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otherwise indicated, all voltages discussed herein are defined with reference to the 
ground reference 66. 

A voltage signal received by the converting stage 64 is amplified and 
5 converted into a current signal 1^. A current 1^ is formed in part from current I cs 
and is reconverted into a voltage signal by the load resistor R LI . The amplifier 
stage 52 amplifies this input signal and generates an amplified signal having a 
voltage and a current I AMP . The amplified signal serves to drive both the 
isolation stage 54 and the output stage 58. In turn, the isolation stage 54 generates 
10 an amplified signal having a voltage V BO and a current I ISO and the output stage 58 
generates an amplified signal at the power amplifier output 62 having a voltage V our 
and a current 1^ driving the load resistor R w . 

As will be appreciated, the actual load may be a simple resistive load such as 
15 R u or it may be an impedance Z w . The following discussion analyzes the behavior 
of the present invention with a resistive load. However, those skilled in the art will 
realize that a similar analysis may be performed and similar beneficial results will 
arise. 

2 0 The error stage 56 is coupled across the isolation stage 54 and the input 60 

and is responsive to a difference between the voltage V KO and a desired voltage V,^ 
to generate a feedback current I ra . In general, the current flowing into the amplifier 
stage 52 will be small enough that 1^ » Ipg + I cs . The current 1,^ will "correct" 1^ 
• such that the difference between the voltage and a desired voltage V KO is 

25 decreased. Furthermore, this will minimize a difference between the voltage V our 
and a desired voltage V OUT thereby minimizing distortion in the output signal. 

In one suitable embodiment, the error stage 56 consists of a buffer amplifier 
with a unity voltage gain and a greater than unity current gain driving a capacitor 
C c . Then, in comparison to the power amplifier 44 of Fig. 4, the current gain 

30 would reduce the current I^q loading upon the isolation stage 54 for a reduction of 
the distortion arising from the variable output impedance of isolation stage 54. 

In another embodiment, the error stage 56 includes an amplifier having a 
voltage gain G greater than unity driving a capacitor having a capacitance C^G. 
35 Thus the voltage gain reduces the value of the capacitance required to provide 
adequate phase compensation. In yet another suitable embodiment, the error stage 
56 includes an amplifier having a voltage gain G and a current gain greater than 
unity, and a capacitor having a capacitance C^G. In this embodiment, the gains of 



« 
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the amplifier both reduce distortion and reduce the required feedback capacitance 
size. 

For the purpose of analysis, the gain of the amplifier stage 52 is defined as 
5 A2, the gain of the isolation stage 54 is defined as A3, the gain of the error stage 56 
is defined as A K , and the gain of the output stage 58 is defined as A4. Hence two 
meaningful total gains A ra and A T can be determined. The gain A ra is defined as a 
feedback gain from the input 60 through the error stage 56 back to the input 60; 
thus A FB =A2*A3*A ES . The gain Af. is defined as the gain through the power 
10 amplifier 50; thus A^=A2*A4. 

In essence, the isolation stage 54 isolates the amplifier stage 52 from any 
parasitic capacitance in the circuit without having to supply the amplifier 50*s output 
load current I OUT . Similar to Fig. 3 of the prior art, the feedback gain generates a 

1 5 pole at a frequency f c ,=l/(2*7i*R LI *A2*A3*C c ). However, in contrast to Fig. 3, 
A3 is not subject to variations in the output load current Iq^. Therefore the gain 
product A2*A3 which helps define the pole f CI remains immune to the effects of the 
output load current I OUT . Accordingly, the phase distortion of power amplifier 50 of 
Fig. 5 is greatly reduced with respect to the phase distortion of power amplifier 40 

20 of Fig. 3. Additionally, since the error stage 56 provides one of current gain 
greater than unity, voltage gain greater than unity, or a combination of current and 
voltage gain greater than unity, the power amplifier 50 has correspondingly 
improved characteristics over the power amplifier 44 of Fig. 4. 

25 Focusing attention on Fig. 6, one amplifier 70 in accordance with another 

embodiment of the present invention will be described. The amplifier 70 is a 
strategic modification of the amplifier 50 of Fig. 5 which permits a compromise 
balance between a correction in gain distortion and a correction in phase distortion. 
In the embodiment of Fig. 6, it is assumed that the gains A3 and A4 are equal. 

3 0 Furthermore, the gain A K of the error stage 56 may be solely capacitive, or A K may 
provide current gain, voltage gain, or a combination of current and voltage gain. 
Like names and reference numbers will be used for like elements. 

In the amplifier 50 of Fig. 5, the output load current demands may cause a 
3 5 gain distortion through an output resistance modulation of the output stage 58. This 
is similar to that described above with reference to Figs. 3 and 4. The output 
resistance modulation of the output stage 58 causes variation in the gain A4 which, 
in turn, produces gain distortion in the power amplifier gain A^ However, the two 
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parallel output stages (output stage 58 and isolation stage 54) enable a technique 
defined herein as "current dumping.'* 

In the embodiment of Fig. 6, current dumping is accomplished by 
5 connecting a resistor R^, in series with the isolation stage 54 and the output 62. 
Since A3 and A4 are equivalent, in the "ideal" case, the voltages and V our 
should be equivalent. Accordingly, no current should flow across R CD . However, 
as described above, the load current drawn from the output stage 58 reduces and/or 
distorts the gain A4, developing a voltage across R CD . As a result of the voltage 
10 across Rcd* current flows through R^ supplying a portion of the load current lour- 
Thus less current is drawn from the output stage 58, thereby improving the 
reduction and/or distortion in the gain A4. 

Of course, R^ draws its current from the isolation stage 54 and thus may 
1 5 distort the gain A3, which, in turn, results in potential phase distortion. Therefore, 
the value of R CD , should be chosen to produce a desired compromise balance 
between gain and phase distortion. Additionally, when the error stage 56 has a 
current gain greater than unity, less current 1^ is demanded of the isolation stage 
54. 

20 

With reference to Fig. 7, one suitable implementation of a bipolar power 
amplifier 80 in accordance with one embodiment of the present invention will be 
described. In the embodiment of Fig: 7, the amplifier stage 52 includes an 
amplifier 82, two diode-connected transistors Ql and Q2, and a current source I s . 

25 The amplifier 82 can be one of a variety of standard construction well familiar to 
those skilled in the art, as well as any other amplifier designed for a particular 
application. The transistors Ql and Q2, together with the current source I s provide 
a common bias current supply for the two output stages 54 and 58. 

Transistors Q3 and Q4 form the isolation stage 54, driving the error stage 

30 56 and the optional current dumping resistor R^. Transistors Q5 and Q6 form the 
output stage 58 which serves as the primary source of the load current I OUT . Both 
of these stages 54 and 58 are powered from a bipolar power source of voltage V+ 
and 

35 As will be appreciated, in the embodiment of Fig. 7, both the isolation stage 

54 and the output stage 58 are what is termed in the art "open loop.'* That is, they 
do not include any internal error correction mechanism. While open loop operation 
of the amplifiers may be suitable for some applications, other applications may 
require a more robust mechanism. In particular, the output stage 58 will be more 
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likely than the isolation stage 54 to require error correction. This is due, in part, to 
the error correction provided to the isolation stage 54 by the error stage 56 and the 
larger current requirements of the output stage 58. 

5 With reference to Fig. 8, a bipolar output stage 300 in accordance with a 

further embodiment of the present invention will now be described. The bipolar 
output stage 300 is well suited for applications where a current efficient output stage 
is required and may be used for either isolation stage 54, output stage 58, or two 
separate instances of output stage 300 may be used for both. 

10 

The bipolar output stage 300 can be figuratively divided into two circuits: a 
first circuit which provides a positive component of the output current I our ; and a 
second circuit (which is a mirror of the first set) which provides a negative 
component of the output current I oul . Elements of the first circuit of the output stage 
15 300 are indicated with the maricer "a" appended to their respective reference 
numbers while the mirrored elements are indicated with the marker "b" appended to 
their respective reference numbers. To further distinguish, the modifying terms 
"positive*' and "negative" have been added to the names of the different stages. 

20 The output stage 300 includes positive and negative feedforward stages 

156a and 156b, positive and negative current mirror stages 158a and 158b, positive 
and negative amplifying stages 160a and 160b, and positive and negative bias 
current sources 167a and 167b. Also shown are voltage power sources V+ 165a 
and V- 165b providing power to the bipolar output stage 300. 

25 

Describing the behavior of the first circuit, the positive current mirror 158a 
provides a variable, demand driven biasing current to the positive amplifying stage 
160a as follows. When the positive feedforward stage 156a senses a voltage 
difference between the amplified signal and the output signal, the positive 
3 0 feedforward stage 156a increases the current control signal I c correspondingly. 

In response, the positive current mirror 158a mirrors and amplifies I c to 
generate a correspondingly larger demand driven current signal I d . This raises the 
bias current I d to the positive amplifying stage 160a enabling the positive amplifying 
3 5 stage 160a to increase the output current I out , thereby increasing V oul . Similarly, as 
the output voltage V oul decreases corresponding to a decrease in V in , then the 
demand driven current I d will decrease. In an identical manner as described above, 
the second circuit is arranged to generate a negative current I OUT . Thus power 
amplifier 300 can generate a bipolar output signal. 
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By varying the demand current I d as described, the bipolar output stage 300 
is able to generate an output signal in a current efficient manner. In addition, the 
output stage 300 is voltage efficient as the maximum V 0UT = V+ - V SAT - V BE , where 
V SAT is the maximum voltage drop across the positive current mirror 158a and V BE 
5 is a voltage drop across a standard amplifier. 

For more details on the behavior of the bipolar amplifier 300 as well as 
suitable embodiments of the circuit, please see Smith's copending United States 
Provisional Patent Application Serial No. 60/000,726, entitled "AN OUTPUT 
1 0 STAGE FOR BUFFERING AN ELECTRICAL SIGNAL AND METHOD FOR 
PERFORMING THE SAME", filed on June 30, 1995. 

Turning next to Fig. 9, a multi-stage amplifier 75 in accordance with 
another embodiment of the present invention will be described. A core concept of 

15 the present invention is the isolation of a signal driving an error stage from 
unnecessary loads which may result in phase distortion and/or gain distortion. 
While the embodiments of Figs. 5 and 6 illustrate this concept of the present 
invention, it will be appreciated that this concept can be suitably applied in other 
circuits. For example, it is sometimes necessary or preferable to design an 

20 amplifier with multiple stages of amplification. Such is the case in Fig. 9. 

Fig. 9 includes an integer N number of stages of amplification. According 
to the present invention, the multi-stage amplifier 75 includes an amplifier stage 1 
52-1, an isolation stage 1 54-1, an error stage 1 56-1, and so forth, on up to 

25 amplifier stage N 52-N, an isolation stage N 54-N, and an error stage 1 56-N. 
Thus each error stage i 56-i (where l<i<N) is isolated from its corresponding 
amplifier stage i 56-i and further from the output stage 58. The output stage 58 is 
driven by the output of the final amplifier stage N 52-N and an optional current 
dumping resistor R^ is coupled between the output 62 and the output of the final 

30 isolation stage N 54-N. 

Analysis similar to that performed above with reference to Figs. 5 and 6 
demonstrates that the multi-stage amplifier 75 of Fig. 9 will exhibit the desired low 
distortion behavior. As this is apparent from the preceding discussion, no further 
3 5 details will be provided. 

Although only a few embodiments of the present invention have been 
described in detail, it should be understood that the present invention may be 
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embodied in many other specific forms without departing from the spirit or scope of 
the invention. Therefore, the present examples and embodiments are to be 
considered as illustrative and not restrictive, and the invention is not to be limited to 
the details given herein. 
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Claims 

1 . A dual-output stage amplifier comprising: 
an amplifier stage having an input and an output; 

an error stage having an input and an output, the error stage having a gain 
5 operable to amplify an electrical signal applied at the error stage input, the error 
stage gain being selected from the group consisting of gains having a current gain 
greater than unity and gains having a voltage gain greater than unity; 

a first output stage having an input and an output, the first output stage 
output being coupled with the output of the amplifier stage and responsive to the 
1 0 amplifier stage, whereby when the first output stage output is coupled to an output 
load the first output stage is capable of providing an output current to the output 
load such that a first output voltage related to an input voltage at the input of the 
amplifier stage is maintained across the output load; 

a second output stage having an input and an output, the second output 
1 5 stage input being coupled with the output of the amplifier stage in parallel with the 
first output stage, the second output stage output being coupled to the input of an 
error stage, the output of the error stage being coupled to the input of the amplifier 
stage, whereby the error stage is capable of providing a feedback current to the 
amplifier stage input such that a difference between a second output voltage 
20 generated by the second output stage and a desired second output voltage is 
reduced. 

2. A dual-output stage amplifier as recited in claim 1 wherein the first 
output stage and the second output stage have an equivalent voltage gain such that a 

25 desired first output voltage and the desired second output voltage are equal, and 
wherein the providing of the feedback current further serves to reduce a difference 
between the first output voltage and the desired first output voltage. 

3 . A dual-output stage amplifier as recited in claim 1 wherein the first 
30 output stage output and the second output stage output are electrically isolated 

whereby no current generated by the second output stage is provided to the output 
load. 

4 . A dual-output stage amplifier as recited in claim 1 wherein the first 
3 5 output stage output and the second output stage output are electrically connected 

through a current dumping resistor whereby a difference between the first output 
voltage and the second output voltage will cause a current 1^ to flow through the 
current dumping resistor, the current 1^ thereby being provided to the output load. 
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5 . A multiple amplification stage amplifier comprising: 
an input amplification stage having an input and an output; 

a successive plurality of amplification stages each having an input and an 
output, the input of a first one of the successive plurality of amplification stages 
5 being connected to the output of the input amplification stage and, with an exception 
of a last one of the successive plurality of amplification stages, the output of any 
given amplification stage being connected to the input of a next amplification stage 
immediately subsequent to the given amplification stage; 

a plurality of errors stages each having an input and an output, wherein each 
1 0 error stage corresponds to a unique one of the successive plurality of amplification 
stages, each error stage output being connected to the input amplification stage input 
and each error stage output being connected to the output of its corresponding 
unique amplification stage, whereby any given error stage is capable of providing a 
feedback current to the amplification stage input such that a difference between a 
15 voltage generated at the output of its corresponding amplification stage and a 
desired voltage is reduced; 

an output stage having an input and an output, the output stage input being 
coupled with the input of the last amplification stage, whereby, when the output 
stage output is coupled to an output load, the output stage is capable of providing an 
20 output current to the output load such that an output voltage related to an input 
voltage at the input of the input amplification stage is maintained across the 
amplifier load. 

6. A multiple amplification stage amplifier as recited in claim 5 wherein 
the last amplification stage and the output stage have an equivalent voltage gain such 
that a desired output voltage and a desired voltage at the output of the last 
amplification stage are equal, and wherein the providing of feedback current from 
the plurality of error stages further serves to reduce a difference between the output 
voltage and the desired output voltage. 

7 . A multiple amplification stage amplifier as recited in claim 5 wherein 
the output stage output and the last amplification stage output are electrically isolated 
whereby no current generated by the last amplification stage is provided to the 
output load. 

8 . A multiple amplification stage amplifier as recited in claim 5 wherein 
the output stage output and the last amplification stage output are electrically 
connected through a current dumping resistor, whereby a difference between the 
output voltage and a voltage at the last amplification stage output will cause a 
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current I CD to flow through the current dumping resistor, the current I CD thereby 
being provided to the output load. 

9 . A multiple amplification stage amplifier as recited in claim 5 wherein 
5 each of the plurality of successive amplification stages includes: 

an amplifier stage having a voltage gain greater than unity, the amplifier 
stage having an input and an output, the input of the amplifier stage being the input 
of the amplification stage; and 

an isolation stage having a voltage gain of unity, the isolation stage having 
10 an input coupled to the output of the amplifier stage and an output which is the 
output of the amplification stage. 

1 0. A power amplifier comprising: 

a power amplifier input coupled to an input signal having a voltage and 
15 a current 1^,; 

a power amplifier output at which an output signal is generated having a 
voltage V OUT and a current l^ m ; 

an amplifier stage coupled to the power amplifier input and responsive to the 
input signal to generate an amplified signal having a voltage and 1^; 
20 an isolation stage coupled to the amplifier stage and responsive to the 

amplified signal to generate an isolated signal having a voltage V, so and 1^; 

an error stage coupled between the isolation stage and the power amplifier 
input and responsive to a difference between the V lS0 and a desired V KO to generate 
a feedback current I ra operative to modify the input signal such that the difference 

2 5 between the V ISO and the desired V lso is minimized and a difference between the 

V OUT and a desired V OUT is also minimized; 

an output stage coupled between the amplifier stage and the power amplifier 
output and responsive to the amplified signal to generate the output signal; and 

a current dumping resistor R CD coupled between the isolation stage and the 
30 power amplifier output such that a voltage difference between V KO and V oirr 
generates a current flowing through the resistor which is included in 1^. 

11. A power amplifier as recited in claim 10 further comprising: 

a converting stage coupled to the power amplifier input, the converting stage 

3 5 being arranged to receive a voltage and convert the voltage into a current 1^ such 

that = Ics + 1^; and 

a load resistor R LJ coupled between the power amplifier input and a ground 
reference such that the current 1^ flows through the load resistor R u , thereby 
generating the voltage VIN. 
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12. A power amplifier as recited in claim 10 wherein the error stage 
includes a capacitor coupled in series between the isolation stage and the amplifier 
input. 

5 13. A power amplifier as recited in claim 10 wherein the error stage 

includes a buffer amplifier and a capacitor coupled in series between the isolation 
stage and the amplifier input. 

14. A power amplifier as recited in claim 1 3 wherein the buffer amplifier 
1 0 has a voltage gain greater than unity. 

15. A power amplifier as recited in claim 1 3 wherein the buffer amplifier 
has a current gain greater than unity. 

15 16. A power amplifier as recited in claim 10 wherein the amplifier stage 

is a bipolar amplifier stage which includes: 

an amplifying device having an input coupled to the power amplifier input 
and an output coupled to both the isolation stage and the output stage; 

a first transistor having a collector, a base, and an emitter, the base and the 
20 collector of the first transistor coupled together and to the output of the amplifying 
device; 

a second transistor having a collector, a base, and an emitter, the base and 
the collector of the second transistor coupled together and to both the isolation stage 
and the output stage, the emitter of the first transistor coupled to the emitter of the 

2 5 second transistor, and 

a substantially constant current source having a first active terminal and a 
second active terminal and current flowing therebetween, the first active terminal 
coupled to the collector of the second transistor and the second active terminal 
coupled to a voltage supply V-, 

30 wherein the amplifying device is arranged to amplify the voltage to 

generate the voltage VAMP and the first and second transistor, operating together 
with the substantially constant current source and the amplifying device, are 
operative to provide the current 1^. 

35 17. A power amplifier as recited in claim 16 wherein the isolation stage 

includes: 

a third transistor having a collector, a base, and an emitter, the collector of 
the third transistor coupled to a voltage supply V+, the base of the third transistor 
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coupled to the output of the amplifying device, and the emitter of the third transistor 
coupled to the error stage; 

a fourth transistor having a collector, a base, and an emitter, the collector of 
the fourth transistor coupled to the voltage supply V-, the base of the fourth 
5 transistor coupled to the base of the second transistor, and the emitter of the fourth 
transistor coupled to the error stage 

18. A power amplifier as recited in claim 16 wherein the output stage 
includes: 

10 a third transistor having a collector, a base, and an emitter, the collector of 

the third transistor being coupled to a voltage supply V+, the base of the third 
transistor being coupled to the output of the amplifying device, and the emitter of 
the third transistor being coupled to the power amplifier output; and 

a fourth transistor having a collector, a base, and an emitter, the collector of 

15 the fourth transistor being coupled to the power supply V-, the base of the fourth 
transistor being coupled to the amplifier stage, and the emitter of the fourth 
transistor being coupled to the power amplifier output. 

19. A method for amplifying electrical signals comprising the steps of: 
2 0 receiving an input signal having a voltage and a current 1^; 

generating an amplified signal having a voltage V^p and a current I AMP 
related to the input signal; 

generating an isolated signal having a voltage and a current I^o related 
to the amplified signal; 

2 5 generating an output signal having a voltage V OUT related to the amplified 

signal and a current 1^ related to an output load; 

sensing a difference between the voltage V lso and a desired V lso ; and 
generating a feedback current 1^ related to the difference between the 

voltage and the desired V lso , and 
30 wherein when the current I ra is included into the current 1^ the difference 

between the voltage V KO and the desired is minimized and further a difference 

between the voltage V OUT and a desired V 0UT is minimized. 

20. A method as recited in claim 19 wherein the isolated signal and the 

3 5 output signal are electrically isolated such that none of the current I ISO is included in 

the current l om . 
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21. A method as recited in claim 19 wherein V OUT and are 
electrically coupled through a resistor such that when there is a voltage difference 
between V our and V KO a portion of the current 1,^ is included in the current 1^. 
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